i iu« tbctniMwt cofltauoe ciaanbed loforfpstton tA^OK 
'MatTomtr {Jff/Vrr* of the Lniied !Nfttetf wHluD tb* 
rr»r«<i4nt« oi the LjJRi<>ni>ae Act<^CL")t' 50:3 ( and 32. 
•4 ii.wjm)'^Ofi Of dK^ rrv«k(boo pt t8 conieatr ir 
T!iy aiaoncr lo an uoauUibctttrd portion ig prohitHtiKj bv 
Ififorniotton w clM<ih>*l_ may be iwpaned ot»U 
•u ucrwns in tbe tnilttert an^Mjaval Sennte- ot di*- 
l.?0»»ecl Stiit«.'tipprofi»fiaie civilian o?B<^eni and ttnployee 
"fTf Mie Federal Ciiwwnment who have a'htginmatf ioteie* 
and to United States citiznw of known loyalty H'd 
^iicxedon who o( necewity tmrat be intotmed -thereof . 
if 
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Page 9, eq.uation (l4): The subscript i has "been omitted 
from the first f . The equation should read: 



i^t = j^J^t+i^i^n+i^ - •••J 



Page 12, equations (28) and (29): g^^ and gg should 

not he written as suhscripts. The^equations 
should appear as follows: 



Hs = -5 



2h^ 



^ D gg 

Page 15, first paragraph under the eq_uation: The following 
sentence should precede the last sentence in the 
paragraph: 

"This assumption greatly simplifies the calcula- 
tion."- 

Page 18, equation (53): The lover limit of the summations 
should he written "k = 0" in both places. 
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A Sa?UDY 01* GENERAL INSTABILITY OF BOX BEAMS 
WITH TRUSS-TYPE RIBS 
By Eugene E. Lundq^ulst and Edward B. Schwartz 

SUMMARY 



The design of truss-type riTjs for box beams is theo- 
retically treated with regard to the function of the r.ibs 
In stabilizing the compression flange. The theory is ap- 
plied to a design problem, and the results of this applica- 
tion are presented and discussed in relation to t^ie gen^^^ 
eral problem of rib design. The results of some tests made 
as a-- part of t.his general study are presented in an apo- 
pendix, . .. . ■ ■ 

nSTTRODUGTION - — 

When airplane wings were -constructed with fabric cov- 
ering, the main function of the ribs was, to support the 
fabric and to transmit the air loads to the spars. All the 
bending strength of the wing lay in these spars. With the 
adoption of the stressed-skin type of structure, design- 
ers naturally followed principles established in the previ- 
ous typo of construction. Thus;, some , of tho first 
streesod-skln wings warq-. mainly a reproduction of the pre- 
vious typo of construction with the .fabric replaced by 
motal skin. This tendency still remains. Eveji today, 
after the flange material of the spars has boon spread oUfc 
over the upper #>nd tho lower surfaces -oj^^^ho wing to" form '\ 
tho covering, tho ribs inside arc still^proportioned on 
tho basis of a nonstressod fabric coyoring.. 

In tho design of a stro ssed- skin wing, the bending 
strength of tho wing Is commonly assumed to dopond up^on 
the compressive strength of the panels between ribs. _ 
end fixity of these panels is also assumed, in "many casSS, 
to be greater than unity. These assumptions are sound 
provided that the ribs are properly designed. " " " ". 
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Theoretical studies indicate that , of all the func- 
tions of a ri"b In a stressed-skin wing, the most impor- 
tant is to stahilize the distrihuted flange material on 
the compression side of the wing. If the rlh has suffi- 
cient .stiffness, it will stabilize the compression flnngo 
so thoroughly that a "buckling failure, can occur only he- 
tween ribs. If the rih has less than this required 
stiffnesst however, the huckle pattern, will no^ "be con- 
fined between ribs but will involve di splacoment s of the 
ribs and possible failure of one or more ribs. This sec- 
ond type of buckling has been referred to as a "general 
instability" of the wing structure. 

The results of a prGliminary study of this general 
instability problem are presented in reference 1, where 
only a compression flange was assumed t o be present. The 
presence of the tension flange is an important factor in 
stabilizing the cQmp^ession flange through the intornedi- 
ary of the ribs. In this paper, the effect of the tension 
flange has been included as well as the effect of other 
factors. 

The theors"" presented herein was developed in ooaaec- 
tion with the planning of a research program on the gen-.... 
eral instability of stressed-'skin wings. The results of 
some tests made as a part of this program are presented 
in an appendix. 

ASSU^JPTIONS 



It is assumed tteat : the tension and the compressioa 
flanges are flat rectangular plates; the box beam Is sym- 
metrical and subjected to pure bending in the plane of 
symmetry; all cross sections have the same dimensions; the 
bending stresses are uniformly distributed ovor the flango 
the ribs are similar, equally spaced, and have zero tor- 
sional rigidity; and the material is clastic. With those 
assumptions, the flanges may bo rogardod as flat plates un 
dor edge load with continuous support .along the shear webs 
s>nd the end bulkheads and with elastic, support along each 
rib. All displacements are assumed to be small and normal 
to the flanges. 
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SYMBOLS 

Where ahy of the following symliols appear in the re- 
port with subscripts i and a, these suliscripts refer 
to the tension (lover) and the compression (upper) flange* 
respectively. 

X coordinate axis in spanwise direction 

y coordinate a^cis in chordwise direction 

z coordinate axis normal to the span-chord plane 

Ijj., ly moment of inertia per inch of flange for handing 
in X and y directions 

S tension-compression modulus (E = lo'' lb per sq. in 

for 24S-T aluminum alloy) " 



G shear modulus [G- = 3/2(1 + ii) = 0.385B] 

&J torsional rigidity per inch of flange 

J torsional stiffness constant, per inch of flange 

B flezural rigidity BI of rib chord 

H Pois^on's ratio for the material (v* = 0.3 for 

24S-T aluminum alloy) 

lAj^, p.y Poisson's ratio for load applied in z and y 
directions 

a length of flange . 

b width of flange between shear webs when used in 

design of rib to span distance between shear 
wobs; width of flange botweoE panel points of 
rib truss when used in design of rib chord to 
span distance between panol points 



P total load on flange of width b 

T displacement in y direction, positive to right, 

used only to designate displacement of panel 
points of rib truss 
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displaQement in z direction, positive upward 

a nondimensional function of -y giving rela- 
tive values of v in sections parallel to 
y axis 

distance of riTJS from y axis 
spacing of ribs 

Integer with values 1, 3, 3, etc. 

integer giving number of rih spaces in length 
of plate (J = a/L) 

integer with values 0, 1, 2, 3, etc. 

half wave length of hucklc 

area of weh or chord ceaher of rih 

length of web or chord nen'ber' of. rib 

y-coordinate of. end of. -web or chord nerobor of 

rib 

ratio of di splaceraeats v/w, for pnnel point 
containing loft end of tth lowor chord raoc- 
ber of rib 

ratio of displacements, v/w for panel point 
containing left end of sth upper chord . noQ- 
bor of rib 

ratio of di splacomont s v/w for panal points 
containing loxver end of rth wob nonbor of rib 

ratio of di splaconont s v/w . for p.'\nol point 
containing upper end Uppor end of rth wob 
member . ef . rib 

angle with vortical made by rth wob nonbor of 
rib, positive, if wob meiabor slopes upward 
toward the right - - 

ratio of area to length of .first web member of. 
rib 

flexural rigidity per inch of flange in x and 
y directions ~ 
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= ± — = £ 

1 - UjjU y 1 - 



P = a/la r = P-bf-n^Hs. s = gDy/D^ = ^/"b^: 




('MY dy - -I- r^^v + ^ IJ-s^ 



CHS G-B HE HAL-ia STABILITY PHOBLEK 




The energy method of solving hucklin^ -problems as'Se-" 
scrihed hy TimoshenkO' (reference 2) avoids certain math- 
ematical difficulties and is therefore used herein. In 
reference 1, where this methad was also used, it was fojind 
that the final eq^uation for general instaMli ty in volvin g 
the rihs could not be solved for the critical buckling 
load. For. an assumed critical load, however, it was ob- 
served that this final equat ion, could . be readily solved 
for the rib stiffness. The same condition holffs true for 
the equations developed in this paper. 

When the assumed critical load is less than the panel 
strength for buckling between ribs, the final equation 
gives the rib si ze " required if general instability Ti "t"o 
occur at the assumed critical load. The allowable panel 
strength is- the highest critical load thnt can possibly be 
developed. Consequently ,■ in the limit as the assumed 
critical load approaches the allowable panel strength, the 
formula for general instability gives the rib size ro- ' 
quired to make valid the basic assumption commonly made by 
the designer; namely, that the bending strength of the wing 
depends upon the panel strength between ribs, 

from the foregoing discussion, it is evident that the 
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proTJlem of general insta'bilifcy should have oeen studied as 
soon as stressed-skin structures were adopted. In most 
cases the ribs provided have, fortunately, been stiff 
enough to develop the panel strength between ribs. ^ Only 
in-recent designs, where visible evidence of the genorr.l 
instability failure was established, has the iiaportance of 
the problem heen generally recognized. 

Greneral-instability failure has been observed to oc- 
cur in several stressed-skin wings x-rith truss-type ribs. 
The theory of this report ig limited to a consideration 
of symmetrical rectangular box beams with this type of rib 
If desirable, the theory may be applied as an approxima- 
tion to v/ebbed ribs either with or without lightening 
holes . 

The main purpose of a rib in a stressed-skin wing is 
to stabilize the compression flange. In the porformanoe 
of this function, the rib acts as a beam or a truss span- 
ning the distance between shear webs. If the rib is at- 
tached to the tension flange, it is aided by that flange 
in stabilizing the compression fl^^nge. The magnitude of 
this aid depends upon the relative dimensions of the en- 
tire structure and upon the loads in the flanges. 

If the rib is of the truss type, the chords of the 
rib must support the flanges between the panel points of 
the rib truss. In the performance of this function tho 
chord acts as a boam. If the rib chords are rigidly 
Joined to the web members pt the pnnel points, these beams 
have end restraint at the panel points. The magnitude of 
this restraint depends upon tho relative dimensions of the 
rib chord and tho web members. The end restraint has an 
important effect on the required stiffness of the rib 
chord, and this effect is computed from the theory of ref- 
erence 1 as extended in this paper. , 



DESIC-K OS" HIB TO SPASf DISTAiTCS BBTWSaS SH3A2 *V33S 



Theory .- The prohlem considered is that of two flat 
plates held apart by rigid supports in the form of .shear 
webs along the side edges, rigid supports in the form of 
heavy ribs along the end edges, and elastic supports in 
the form of transverse ribs at ec^ual intervals between tho 
rigid end ribs. The loading is a uniform comprossion in 
the x-direction for the upper plate and a uniform tension 
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inthe x-direct ion for the lover plate. (See fig. 1.) As 
stated previously, the solution herein presented is made 
on the hasis of the energy method for the solution of huck- 
ling problems as used by Timoshenko in reference 2 (p. 378) 
and as applied in reference 1, 



In the energy method, it is necessary to assunie do- 
flection eq^uations consl-stent with the "boundary conditions 
of tho problem for both the tension and the compression 
flangos. Xhese eq^uations are, respectivdly , 



m=a> 



B=l 



sin 



miTX 



(1) 



(3) 



The rib chords aro assumed to follow those displacomont s . 

She strain energy in a plate when buckling occurs is 
assumed to bo given by tho following oq^uation: 

b _ 



+ D, 



ax^ ay 



1^ j + 2GJ 



5^ w\2 



dxdy ( 3 ) 



On substitution of the deflection equations, tho sua 

of tho plato onorgics becomes ■ ■ 



m=oo 



m=i 



^ 2^ m* (l>x^lian,^ + Dx^lab^^) 
(Dy.gia^i^ 4-.Dy^g3b^^) 

m=i 
m==op 
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The "bending energy of .a. priBmatic IJar is given 

o 

Hence the energy of bending of all the rib chords is given 
■by 

V3 4. ■ = 




+ SsBs > I ) sin -— I (6) 

In accordance with the assumptions of truss action, 
the web memhers have only energy of axial di eplacement . 
Jor a prismatic har, this energy is 

V=|^(Ah>^ <7) 

Although in the case of the flanges only normal displace- 
ments are "being considered, as is usual in the theory of 
small deflections, the fact that some of the panel points 
of the ri"bB must undergo chordwise displacement in order 
to develop a truss action will "be taken into account. Thus, 
the . elongation of a we"b mem"ber is 

Ah = (wa - Wi) cos a + (vg. - Vj.) sin a (8) 

The angle a, is considered positive if the we"b mem^ber 

slopes upward toward. the right, (See fig. 2.1 Su^bstitu- 

tion of the equations for Wi and wa (eq.uation^ (l) and Ca) 

gives for the rth we"b mem"ber: • 

m=oo 

• V , X V mTTC, 

Ah^ = (cos ttj, + kg sin a^) faCyp) ) "bj^ sin — ~ — 

- (06s aj.+ki sin aj.) fi(yr) ^ aj^ sin ^ (9) 

m=i 

where yj. denotes the y-coordinato of the end of tho rth 

Vg ' Vi 

web member. The constants kg = and = — do- 

J» i. Win 
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pend only on the geometry of the "box beam. The onorjy in 
all the vo'b members in all ribs is therefore 



1 r. 

Ihc elongation of an upper chord member of tho rib, 
truss with ends at tho sth and tho (s + l)th panel points 
is 



m=oo 



= [1^8+1^3(5^8+1) - Vs^y-s)] X '^^ ^^"^ ^ ^^^^ 

. m=i 

where y-g and- yg+j. nro tho y-coordinates of the ends of 
tho sth member. On the assumption of a constant stroBS 
along the chord member, the energy in all upper chord mem~ 
bors of all ribs is 

T« = I |] X ^ (AI^J" Cl2) 



^ " 2 ^ Us ^""s- 

Similarly, the energy in all lower chord members of all 
ribs is 



where ^ * 

ni=oo 



^^t = [^t+if, Cyt+i) - ktfJyt)] X (14) 

m=i 



Che loss of potential energy T by the forces ap- 
plied at the ends of either flange is given by the equa- 
tion 



^b 

2b 



0 



On substitution of the deflection equations (equations 
(1) and' (2)), the total loss of potential energy of the 
tension and the compression flange forces is 
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(16) 



The gen-eral equation for the calculation of tlie criti- 
cal Value of is oTafcained lay equating the total strain 
energy V to the. loss of potential energy T of the londs 
Pi and Pa, or 

' Ti + Ig = Yi + Va + Y3 + + + + (17) 

On' substituti-an of the Values of the 5? ' s and the 
T's in equation. (17), there is obtained, on solvinj; for 
Pg, the followintj relation: 



ir is it 




— la ^ m bm 
m=x 

The coof^ iciont 8- Bj^ and "bj„ must be bo chosen as 
to give a minimum P3 . This condition is obtained by sot- 
ting the dorivntivo of P3 with ro.s-DOct to each cooffi- 
ciont equal to zero. Thus a system of homogonoous linear 
equations in a^, flg, a^, ... bj^, b^ , bg, ... is obtainof.. 

Tho solution of those equations yields values of a,, Rg, 

R3. ••• 'bu "b-B, bs, ... diff^eront from zero only if tho 

dotorminant formed by tho coefficients of , fl^, "3, 

... b^, ba , bg, ... Is equal to zero. This jdeterminflnt_ 

can be factored. When each factor in turn Is set equal to 
zero, an fequation is' obtained relating the. ■ crit ical loads 
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to the characteristics of the ribs and the plates for the 
particular vpve pattern descrilied lay that factor. If the 
factors that describe wave patterns with a node at each" 
rib are each set eq^ual to zero, the rib ch«^racteristicB do 
not enter the equation .obtained. If the.^ factors that de- 
scribe all other wave patterns are eacli set equal to zero, 
it is found that all the resulting equations can be repre- 
sented after suitable arrangement -for practical calcula- 
tions b^ the following single relation: 



2a' 



(IG) 



where 

a' = (•^) (ed-fc) 

I 



le=oo kssoo 

y T j-^ — 

2ijk+q fcT'o 2j(fc+l)-q 



^=9 



b- = ii 
2 



k=o ■^2jk+q kt'o ^2j(k+l)-q 

k=<» 



1 Tdr^S 



k=o 
k=oo 



I 



^2Jk+q *^2d(k+l)-q 

k=oo 



1^0 ^2dk+q ^2j(k+l)- 



I 



q = 1, 2» 3, ... ( J - 1) 

(l^ri + ti) P^m^ + Ij^m* + s^^'* 



Hm = 



2g2P=^ 



(20) 



(31) 



(22) 

(23) 



m >= 2jk+q or 2j(k+l) -q 

esHj^E 'y' Wj.( cos ttp+ka^sin ar)(cos a^+ki^'sin ocp ) f a( ) f ^ (yj. ) 
V ( 24 ) 



^^^^ Technical J?ote Ifo. 86.6 
^^'{Z [(cos a, . ic,^ Sin a^) f.(y,)J 

■jX^r [(cos ic,^ .,1, ^) f^(yr)J 



(25} 



•c =s HbB 



- Ks 



jti 



3. 



(37) 



■nr^D, 



A /h 

''^'ifT^f * ^'^^'^ A.r .«nd h,, refer bo tiie rth di- 
agoael 

'"Ai/h, ' refer to the tth bottom 

chord meaber of. rib ^ggj 

""^^^fz^' ''''cJL>^;^* ^^^^^ *° Bth top 

chord member of rib ^ ^ggj 

tions'(25)\^L'(?s) iflLnT^T, 

terms in these eauationr r relation to the other - 
taialng <J mev be \ Joneequently , these terzis con- 

tion (19) should be so^hosen If t radical la oq.ua- 

positlTo value. How 1 la fn^ ^°Sivo Q, ^ marcimua 

3 18 the number of epacee into 



ETA OA Techni&ftl N.ote No. 866 



13 



which the "bos hona is divided liy tho rihs. The various 
wave patterns pre Aescrihed "by integral values of q. whore 
q = 1, 3, 3, etc., hut q does not oxcood (j - l) . Honco 
there p-ro i j - l) wavo patterns represented hy equation 
(l9). In any prohlem the value of q should ho so ohoson 
as to givo a maximum positive value for Q,. After the oe- 
tahlishmont of Q, the required sizes of all rih memhers 
ore ohtainod from the necessarily assumed ratios ^Ty , W^, 

pad Wg. 

Equation (l9) applies to a hox hoam of finite length 
a, whore a = ;jL . In this beam tho side and the end 
edges of each flango aro assumed to he rigidly supported. 
The effect of the rigid end supports dimini shes _as_ the 
length of the heam increases. In the limit as a, and 
hence 5, approaches infinity, equation (19) heoomes 



Q = -h' /(h')" - 4a- ^34) 
Sa' 



where 



h' 




(35) 



(3S) 



vhere 



J^' = (^.r,^t,) (I) (8k-. J) ■h's,(^) . (2k. I) (37) 
" = (l,r,.t,) (IJ (3k-^2-^J - (8k-.2-f)' (38) 



•'k 
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V = (i^r^-ts) (IJ (3k+2-0 -ss (0 -la (2k+2i;0 (40) 

■ In a box team of finite length, any one of ■(,) - 1; 
wave pattorne is possiTjle. In the box beam of infinite 
length, any one ©f an Infinite number pf , wav^e' patterns is 
j)Ossible, Ihe particular wave ; pat t.ern.,.'.(iet ermined by X, 
that gives th? highest valrte of ..-<% is. the one which must be 
used in the design. 

Design uroblem .- The detailed ©.pplicatlon of the pro- 
ceding theory to a practical design problem follows the 
general outline of the example ^iven in reference 1. Con- 
sequently, only the results of the application will be 
given and briefly discussed, insofar as they bo=ir upon tho 
practical design of box boams with flat flanges. . 

Ihe dimojasions of thp ribs nnd tho flangos aro givon 
in figures S.-and 3. The maitorial is 24S-;-T:'*iluminum alloy. 
The short-coluinnv an'd. tho long-column feurv-e's.' f o'r this 
flange material are- Assumed to be, rospectivoly , for pin 
ends, ' : - X \a 

(48500)* (^) 
= 48,500- (41) 



P 



A 4Tr® 10' 



and 



A 



ay 



The box boam is assumed to have concontrat i ons of laa- 

torial in tho four corners in such amounts that, undor 
tho dosign bonding mojoaent , tho forces in tho 76-inch-wido 
flangos aro as follows: 



Tension flango 96,330 pounds 

Compression flange 177,670 pounds 

The comprossioja-f lango force of 177,670 pounds is tho panol 
strength between ribs for pin ends. The problem is to ap- 
ply equation (19) and to find the value of Q roquirod to 
cause buckling at these assumed flange loads. 



HACA .Tech.ai'cal. Note So. 866 



16 



■ !Ehe flanges, .of the "bos: 'beam, being flat plates, are 
. very rigid their own plane. When buckling occurs, the 
side .edges of the compTeBsion and the tension flanges are 
therefore ass-umed to have no chordyfi'se displacement. IThus, 
thb ands of each rib .choi-d remain fixed' in space during 
■buckling. By the same- reasoning each interior panel point 
of the rib truss should have no chordwi&e displacement if 
it is attached to the flanges. This attachment, however, 
might not.be full-y effective in tho provontion of such drs- 
placomonts. Con8eq.uontly , a calculjation was made to do- 
tcrmino the of foot of chordwiso diaplacomcnt s of tho inte- 
rior panol points of the rib truss. From the conditions 
of symmetry, it follows that tho single intoripr panbl 
point on tho lower rib chord will havo only a displacoraont 
normal to tho flanges. Iho two interior panol points on 
tho upper chord will have symmetrical- displaoomont s . 

Lot -ks and ks roproscnt tho ratio of chordwiso 

to normal displacement of the first and second interior 
panel points, respectively, of the upper chord of the rib. 



Let 

I _ 'provided ,7 
^required 

. ' • ' - — 

In figure 4, the ratio | is plotted against assumed 
values of kg for three conditions of the tension flange. 
The significant results obtaine.d from figure 4 are given in 
table I. The value of kg that applies in each case "is 
the value that makes | a minimum. Inspection of figure 4 
or table I shows that kg = 0 gives values of i only 
slightly greater than the minimum^ values . It is therefore 
recomiaended that the effect of chordwise displacements be 
neglected in practical design calculations* teSoth figure 4 
and table I show the very Important effect ofVs^he tension 
flange in stabilizing the compression flange. ^ 7~ki's aJstrm/>^Mt 

Some uncertainty exists with regard to assumptions 

made in the evaluation of G-J of the flanges. In order 
to study the importance of G-J, a special calculation was 
* mn.de to establish | when G-J = 0. This calculation gave 

I = 1.11 as compared with 1,18 in table I. Those results 
show that G-J was not an important parameter in tliTs ' par"- 
ticular problem. 

From the definition of | , it follows that the ribs 
are acLeq_uately designed if % is equal to or greater than 



16 



NAGA Technical N-ct© No.- 866 



unity,- 0 onseciiientiy , the values in taTslo I of 1 for the 
tension flange as constr\j,cted indicate a satisfactory de- 
sign of the ri'h as a whole for the assumpt"lonB made. The 
dimensions of the rih truss are such that-one of the ae- 
BXimptions made is open to question. This assumption will 
Tje discussed at some length in the CONCLUDING- -DrBOUSSI Oi: . 

DESIGN OP RIB-OHOED MBMBSES TO SPAN DISTANCE 
BETWEEN PANEL POINTS OF THE EIB TRTTSS 



Consideration is given only to the design of the rit- 
chord . memls-e-r 8 adjacent to the compression flange of the 
"box "beam. 

. Theory . - The buckle pattern is assumed to "be such that 
the compression flange will have no displacement along lines 
.Joining correspondi-ng panel points in succesBive ribs. With 
this assumption, the theory of referonoe 1 applies provided 
that the restraint .-Hgalnst rotation of the flange plate along 
these lines is either zero or infinite. In the design proh- 
lom of references 1, f(y) was chosen to correspond to tho 
condition of zero restraint. In this report the theory of 
reference 1 is oxtondod to include any degree of elastic 
re straint . Lot 

4Sq be the moment required to rotate tho reBtrninlng 
members at the left end of tho chord member 
through 1. radian 

4S-{} the moment required to rotate the restraining 
m»3mbors at the right end of tho chord mombor 
through 1 radian 

w = f(y) •> bjn Bin ^ (44) 

ft 

m=i 



The energy in the restraining members at both ends 
of all ribs is therefore 
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When tbJLs strain energy is incltLoLed ia the problem, the 
effect is to replace the Y of reference 1 hy 



Y + 



(47) 



If the restraints are equal at each end of the rih-chord 
member, this expresaion heoomes 



Y + 16hf_ s- rf«(0)l^ (48) 



In order to complete the solution, the function 
f(7) must he derived. Consider the case of oq_ual re- 
straints. A sine curve will satisfy the condition' of ssoro 
restraint at each ond of the chord member. The deflec- 
tion curve for a fized-o.nd beam under uniform load will 
satisfy the condition of infinite restraint. A combina- 
tion of these two deflection curves can bo mnde to satisfy 
any condition of restraint. It is therefore assumed tliat 



whero e is a quantity that determines tho relative con- 
tributions of the two deflection curves to f (y) . This 
form for f(y) satisfies tho conditions that w = 0 at 
y = 0 and y = b. Since f(y) is symmotrical about 
y = b/2, tho value of e must be chosen to satisfy the 
following equation for equilibrium of momernts at one ond: 

Substitution of f(y) in equation (50. gives 

g _ tt(4So) 
Sl/b 



,.(50) 



- ,,.-(51) 



Thus for equal restraints at the ends of • the ■ rib-chord 
member, equations (?) and (8) of reference 1 in the nota- 
tion of this paper become, respectively: 
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For the oompression flange of finite length 

16S. 



k=oo 

y 

fc^o 



B- 



2 jk+q 



2LL 
k=oo 

k=o 



^2j(k+l)-q 



For the compression flange of infinite length, 

Kl) 16S. 



7 = 



(53) 



k=G= 



kaoo 



TT^gDx 



k=o 



kr 



(53) 



In the definition of certain symtols th-^ function 
f(y) appears. The form of f(y) as given hy eijuation 
(49) shouJLd he used in all cases. 

Design T?roblem .- In order, to complete the inveetiga- 

tion of the rits in the preceding design problem, the 
foregoing theory has been applied to a rib-chord member. 
The member chosen is the one between the two interior 
panel points of the upper rib chard. (See fl^. 3.) This., 
member has the same restraints at each end nnd, therefore, 
the foregoing theory applies. 

An important factor that must bo cpneid.arod in the 
interpretation of the results is the effect of the attach- 
ment of the rib chord to the fl.ango on the offoctlve mo- 
ment of inertia of the rib-chord memher . In tablos II and 
III and figures 5 and 6, which eummprizo the results, two 
assumptions nrc mado . Thcso assumptions are: 



(a) Tho flango 
the cffoctlvo momoat 
fSee fig. 3.) 



of the box beam does not influence 
of inortia of tho rib-chord momb'or 



(b) The flange of the box beam has such an influ- 
ence as to lift the neutral axis of the rib chord up to 
the point of attachment to the flange, but only the prea 
of the rib chord is effective in the computation of the 
moment of inertia. 'See fig. ?.) Let t for the rib- 
ohord member be defined as follows: 



(EI) 

TbiT 



provided 
required 



(54 
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Thus and iy^ denote that ('^^ ^ pr ovided calculr.ted 

in accordp.nce with assumptions (fi) snd (b), respectively. 

The panel points of the rib truss in figure 2 divide 
the compression flange into three equal pnrts. Thus the 

1 77* 6 7 0 

compression forco in one pnrt is g or 59,230 pounds. 

Similarly the width h is = 25.33 inches. In tn,hles 

II f.nd III are given the signiflcpnt results for those as- 
Buntod values. Inspection of these tables shows tli,o im- 
portance of assumptions (a) and (b) . Hence, rosearch is 
needed to establish the effective moment of inertia of 
the rib-chord member . 

Tables II and III show the large offoct of restraint 
at the ends of tho rib-chord members and that the restraint 
"as provided" in. this problem was so small as to have only 
n slight' effect on the values of |. Comparison of corre- 
sponding values of | in tables II and III shows the im- 
portant effect of GJ of the flange in the case of the 
rib-chord calculation. - ■ — 

The rib-chord member is adequately designed if .| is 
eque.l to or greater than unity. Consequently, the values 
of tg_ and in tables II and III indicate that, for 

the restraint "as provided," the rib-chord memTiors are not 

adequately designed if assumption (a)- or assumption (b) 

i s correct , . - ^ 

* 

In order to establish the force in the compression 

flange .for which the rib-chord member is adequate, fig- 
ures 5 and 6 have been prepared. The 'Sr o'Een-line curves 
in these figures for 3 infinite were included to show 
the small effect of increased length over that of five rib 
spaces. ^figures 5 and 6 show that the allowable flange 
forces in a box beam of infinite length are, exprossoU as 
a percentage of the original assumed force of 59,220 
pounds, 



Assumption (a) and G-J as calculated 6o.3 

Assumption (b) and GJ as calculated 88.6 

Assumption (a) and G-J = 0 . . 57.0 

Assumption (b) and G-J = 0 83.0 



From this tabulation it is concluded that, if assumption 
Ca) applies, tho buckling load is between 57 and 63 per- 
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can't 'of 'tho de'-slriDd Valuo of 59,230 pounds. I f aesumpt i on 
(>), applies, the "bTickling load is botwoon 82 and 89 por- 
cont of 5a,280 poundp. 



OONOLUDIH& Discussion 



In this papor tho dosign. of truss-typo rihs for "box 
boaffls has hoen rosolvod into two "basic probloma: (l) tho 
dosign of tho rib as a wholo , and (2) tho design of tho 
chord aombors of tho rib.. Accordingly, this concluding 
discussion will bo ooncornod with thoso two phnsos of tho 
problom, 

Dosign of rib as a whole - In. th.o do_sign problom tho 
rib had four wsb members. (See fig, 3-.)' For, this rib it 
was assumed that 

Try 

f^Cy) = fa(7) = sin (55) 

Had there been many web members, it would have been Justi- 
fiable to have assumed a form for the functions f^iy) 
'»nd fgCy) that took into account the effect of fixity at 

each end of the rib as a whole. Had this different form 
been chosen, the calculated values of I would have been 
hlghar than the values given in table I. It is therefore 
conclud-ed that, for a given amount of materlril, a rib witJi 
many web members is desirable. Other important factors 
will, of course, limit the number of we*b members. 

In the calculation of tho rib as a whole, it is nec- 
essary to assume that tie chord membGrs nre .adequately 
designed. If thoy are inadequatoly dosignod, tho rib as 
a wholo cannot function in a complotely satisfaotory man- 
ner . 

The function of friio rib-chord mombers ad jaosnt to tho 

comprossion flango is to stabilize tho comprossion flan^o 
between , tho panol points of tho rib truss. Tho function of 
the ri.b-chord members adjacent, to, the tension flange is to 
gather up the stabilizing forces from the tension flange 
and to transmit- these .forces to the panel points of thB rib 
truss. When f-^iy) was assumed to have the value given 

by ©qu4ition "(55), it was assumed that' the rib-chord member 
a.d.jacent to the tension flange was properly performing 
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this function. E"ow, the results obtained in the design 
proTjlem showed that the tension flange plays a very impor- 
tant part in stahilizing the compression flange. Conse- 
quently, the rih-chord membejrs ad;}acent to the tension^ 
flange must he very important merahers in the rih. 5?heso_ 
chord memhers are much longer than the rib-chord members 
ad^Jacent to the compression flange, vhich were found to be 
seriously underslze. Although no calcvilation has bean 
mado to establish tho roauired sise of the rib-chord nem- 
bers adjacent to the tension flange, there is reason to 
suppose that these members may also be undersiae. 

If the rib-chord members adjacent to tho tension 
flange are not adequately designed, tho t enei on flange 
does not provide the stabilizing influence to the compres- 
sion flange that was inherently assumed in the design 
problem. .It can therefore be concluded that the a_etual 
values of | are less than the numerical values of table 
I. Hence, the rib as a whole is probably loss adeqtuately 
designed than was calculated. 

Design of rib-chord membeys .- In the design problem, 
a restraint was calculated fot "the rib-ohord membors and 
this restraint was inserted through e in the function 
f(y)i which was else assumed to apply in the deflection of 
the flange between ribs. It was further assumed that the 
flange had no normal displacement along lines joining 
corresponding panel points in successive ribs. Both of 
these assumptions introduce restraints not actually pres- 
ent in the structure; consequently, the calculated values 
of I pre higher than they would have been if more accu- 
rate assumptions had been made. This fact indicates that 
the rib-chord members should be strengthened more thaa 
indicated by the calculations .of the "design problem. It 
also means that the allowable load for tho sizes provided 
is loss than calculated. 

After tho ostablishm.ont of tho fact that tho rib-chord 
me.abors are .not adequately dosignc^d to stabilize tho com- 
prossion f lango , tho noxt logical question is how the do- 
sign should bo corrected* I'rom tho consorvotivo solution 
of roforonoo 1, tho required 31 of . a rib-chord member is 
concluded to vary as the fourth powor of the width b. 
This conclusion suggests that the host mothod of strength- 
ening tho rib chords is to reduce tho distanco betwopn tho 
panel points of tho rib truss. Consequently, addition.^il 
w.eb menbers in the rib truss, are desirable. These added 
web aenbers also strengthen the rib as a whole. 
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In order for the ri"b-rchorcL EiemlJers and the rih as a 
whole properly to perform their function of stahilizing 
the compression flange, the connection of the web members 
to the chord members of the rib must be properly desi;nod. 
If the web and the chord members of the rib are_ of ade- 
quate size and the connectio.n is sufficient to develop 
the full strength of these members, the entire rib is ade- 
quately proportioned. As herein used the term "full 
strength" includes the axial, tne bending, and the shear 
strength of the members. If the restraint of the web mom- 
bors is to be roliod upon in the design of the rib-chord 
members, it is neceBsary that the joints of the rib t-russ 
be properly designed to perform this function; otherwise, 
a failure of the joints can be expected. 



Langley Memorial Aeronatitical Laboratory, 

National Advisory Committee tor Aeronautics, 
Langley I'ield, Ya., July 7 , 1942. 



APPENDIX . 

E3SULSS OS" OOMPEBSSIOS fBSTS ON COHRUGATBD . PAN3LS 
FIVE BAYS. LONG LATBEALLY SUPPOHTED BY 
A SIMPLIFIED EIB STEUOTUEJB 



After the foregoing thoory and oxamplos had been com- 
plotod, a number of tost spocimoTis of tho type shown in ^ 
figure 7 wore constructed in order to provide exporimontal 
data on tho design of^ rib-chord morabore to span the dis- 
tance botwGon panel points of tho rib truss. Tho propor- 
tions of tho spocimons wore so choson ns to show tho of- 
foct of. variation in di etanco . botwoon panoi points of tho 
rib truss on tho strongth of tho comprossion flan^jo of tho 
box beam. Tho wid-th of thoso specimons- wero as follows: 



Number, of- 

specimens 
pr ovided 


Width .pf ■ specimen 
■ (in.) ■ • 


Dietanco between 

center, lines of 
• -supporting tubes 
(in.) 


2 


19.3 


18.6 . . 


1 


34.6 


23 . 9 


1 


30.0 


29.3 


2 


35.4 


34.5 
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The Bpecimens were mounted for test in the 1,200,000- 
pound-capacity testing machine in the ITACA' structures re- 
search laljoratory , as shown in figure 8. The simplified 
ri"b structure used in the test specimens was attached to 
l-heam supports. On the assumption that the chord member 
of the rih structure possessed a hending stiffness suffi- 
cient to make it equivalent to a rigid memher "between its 
end supports, tho proportions of the I-heams were made 
such that their stiffness, in comhination with that of tho 
supporting tuhes, was greater than the minimum req_uirGd to 
ho eqtuiTalont to a rigid support. The ratios of the stiff- 
ness provided to this minimum required stiffness for tho 
different panol widths are: 

Panel width Hatio 
(in.) 

19.3 ■ G-reater than 2.50 
24.6 ■ • Greater than 2.02 
30,0 G-reater than 1.71 

35.4 Greater than 1.50 



The minimum required stiffness used in the computa- 
tion of these ratios was computed hy use of. equation (73) 
of reference 2. 

The foregoing ratios were calculated on the assump- 
tion that the ends of the panel were supported on knife 
edt;es, whereas actually the panels were flat-ended. Be- 
cause the support provided the test panel was greater than 
the minimum required to "be equivalent to a rigid support 
and hocause no structure can provide greater than rigid 
support, the load developed in the test panel should^ho 
equal to or greater than the load that. would ho developed 
if tho panel were part of an airplane structure. 

Por tho first sorios of taste, which included ono 
panel of each width, the length of tho tuh© supports C 
(seo fig. 7) was 32.5 inches. In theso tests, ultimate 
failure occurred in tho supporting tuhos; tho typo of 
failure is evident in figure 8. In tho case of the speci- 
men 30.0 inches wide, a failure (fig. 9) also developed 
in tho chord memhor of tlio rih structure. It is not known 
whether this failure occurred before or after the support- 
ing tuDos failed, as shown in figure 10. In this panql , 
as well as in tho widest panel, there was a marked tondon- 
cy for tho chord memher of the rih structure to deflect 
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normal to tho pa-nQ.l- prior t-o failure-. .Only fcho 30,0-inch.-. 
wide panel appeared to b;e damaged "by -these tests. The 35.4- 
inch-wide panel, which appeared- t.o be undamaged, was eq.uipped 
with a new- set of .3SC. 5— inch tuhe euppor.te »nd. rotestod. This 
panel developed aljput the same load as in the ftrst tost. 

The panels .19 .3 ,- 24.6, and 35.-4 inches wide wore then 
re.tested with the length of the tuhe supports reduoed^to - 
12. -5 inches. In thes'e tests, failure occurred in the chord 
memh'er cf .the rih structure rath.er than. in the s.upporting 
tubes. (See figs. 11, 12, and 13. )• 

Ehe results of the tBsts are plotted in figure 14 and 
indicate clearly how the ultimate compressive lo^d on the 
pnnel per inch of width is reduced as the. .panel wddth_ is 
increased* It can also be seen that th.e -shortening o~f the' 
tube supports did not increase the ultimate loads. Either 
the first tests damaged the panels to such an extent that 
no higher loads could be developed, or the shortening of 
the tub-es did not raia.e th« strength of the combination. 
The fact that the failure seemed ♦;-a— be conoontrated in the 
tubes when they wer« long and shifted to the chord member 
of the rib structure when the tube.s were shortened indi- 
cates. th,at the pr oport ions, of the Bpe.c.imen in the firs.t 
case v/ere very nearly such rb to make the two typos of 
failure equally likely. Shortening of the tubes would then 
Piter the proportions -in, a manner that jicould bring about 
the transition from faii-ure of the tubes' to failure of the 
chord members. The fact that a failure did occur in the 
chord member for one of the spscinipns tested, with the longer 
tubes further indicates that the ultimate loads for the two 
types of. failure were ve.ry nearly egua.l'. On the other hand, 
the fajct., that, the panels 19.3. and 24,6 inches* wide with 
12.6-inch tube suppoirlJs failed by a smali margin to devel- 
op the loads achieved by these fi.ame panels with 33.5-inch 
tube supports indicates that the panels may have been dam- 
aged somewhat' by .the first tests, the du.plic>)te specimens 
1;9.3 and 35.4 inche.s wide, which have no.t been tested, may 
be used in a further study of the. effect' of the size of 
the tube supports, shoulxL it appear advisable t"o continue 
this investigation. 

The si.gnif^icant conclusion to be drawn fjorn the test 
results presented in this appendix is thaij th'o failure 
was not restricted to the panel between ribs, as is cus- 
tomarily assumed in design, but jra't^her involved the ppnel 
p.nd rib structure as a unit and, in every case, caused 
failure in the rib' structure. 
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If the type of failure thp.t occurs in the structure 
differs from the type that is sssumed in the design calcu- 
lations and if the strength for the type of failure as- 
sumed in the design calculations is correctly computed, 
the structure must have developed a strength less than 
that oomputod in design. Ehis principle is fundamental in 
structural theory and is verified hy the results of those 
tests.. The pin-end column strength for a panel 16 inches 
long and 25.3.3 inches wide is 59,220 pounds according to 
the example in the "body of this report. As the failure in 
these tests was not of this type, but involved a failure 
of the rih structure, a lower strength should be expected. 
Irom figure 14, the experimental strength of a panel 25.33 
inches between tube supports is estimated to be 1980 pounds 
per inch width of panel. The total load for r 25.33-inch 
width is therefore 50,150 pounds. This value represents 
85 perc&nt of the pin-end column strength of the panel be- 
tween ribs. 

Ihe experimental value plotted in figures 5 and 6 at 
an abscissa of- | «= 1 and an ordinate of 85 percent shows 
that assumption Cb) is approximately o_orrect for the eval- 
uation of the effective SI for the rib chord in this par- 
ticular example. Had the proportions of the rib chord 
differed in relation to the proportions of the corruga- 
tions, this assumption might not have been so well checked 
by experiment . 
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TABLE I 
RESULTS FOR RIB AS A WHOLE 
j[j = 5; L = 16 in.; OJ as calculatedQ 



Condition of 
tension flange 




r 


(for k2 = 0) 


(for minlmun) 


Absolutely rigid 


1.66 




1.66 


As constructed 


1.18 




1.17 


No riglAlty 


.58 




.55 



TABLE II 
RESULTS FOR RIB-CHORD MEMBER 
[j = 5; L = 16 in.; OJ as calculated^ 



Restraint at ends of 
rib -chord member 


e 


§a 

. j 


Sb 


Infinite 
As provided 
Zero 


at 

1.50 

0 


1.509 
.280 
.265 


3.596 
.067 
.632 


TABLE III . . 
RESULTS FOR RIB-CHORD MEMBER 
[j = 5; L = 16; G.T = O] 


Restraint at ends of 
rib -chord member 


e 






Infinite 
As provided 
Zero 


e» 
1.50 

0 


0.965 
.191 
.183 


2.298 

.4f='4 
.436 




figure 1. " Box beam imcLer purs "bendliig 




Figure 2. - Rib and box-bearr) flanges for 
design problem. Flanges .riveted to 
rib chords at each corrugci'tion, 




■Neutral axis 
Assurnptlon (a) 



L 



Neutral axis 



o 
9 



Assumption (b) 



Figure 3.- Cross section of rib chord 
.members for design problem. 
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Figure 8. - Panel 35.4 inches -Hide after failure with support- 
ing tubes 32.5 long. 
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Figure 9.- Failure of the chord member of the rib structure of panel 30.0 
Inohes wide with supporting tubes 38.5 Inohes long. 




B'igure 10.- Panel 30.0 inches wide after failure with supporting tubes 33. 5 "long 
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Figure 12.- Panel 34.6 Inohee wide after fallxire with supporting tubea 12.5 inohea 
long. 




Figure 13.- Panel 35.4 inchea wide after falluxe with supporting tubes 18,5 inches long. «« 
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ffigure 14.- Effect of panel width on compressive strength. 



